This is the final installment in a four-part sequence that examines the nature of mantle layering required by the multiple-ScS phases and internal reflections observed within the reverberative interval of SH-polarized seismograms. In this paper, long-period, SH-polarized, multiple-ScS phases reflected once from a mantle discontinuity (first-order reverberations) are used to search for abrupt shear-wave impedance contrasts in the lower mantle. Beneath the geographic regions sampled, the depth interval of !000-2600 km (Bullen's region D') appears free of any distinct, radial layering, in agreement with the majority of recent seismic models and the notion of near-adiabatic compression of a compositionally homogeneous lower mantle. To pass undetected, discontinuities in D' must be either small (SH-polarized reflection coefficient R 0 <1.0%), highly intermittent or subject to lateral depth variations well in excess of 50 km. At greater depths, corresponding to the D" region of the lowermost mantle, we find evidence for a reflector of long-period seismic energy situated an average of 325 km above the core-mantle boundary (CMB), similar to the discontinuity proposed by T. Lay and coworkers. Our results indicate a 4.4% increase in shear wave impedance and a 1.7% increase in density if the 2.75% increase in shear velocity proposed by Lay and Helmberger (1983) holds true for our study area. The discontinuity is observed beneath less than one-third of the 18 seismic corridors examined and does not appear to be a ubiquitous feature of the lower mantle. This, plus an observed correlation of discontinuity depth and lower-mantle velocity heterogeneity, and the lack of experimental evidence for deep-mantle phase transformations strongly favor a compositional origin. Mantle-side layering nearer the CMB, perhaps associated with a thin chemical boundary layer, would mimic the effects of the surface crust, producing a complex wave train of first-and higher-order reverberations superposed upon all other reverberative interval arrivals. If present and unaccounted for, CMB structure would drive estimates of crustal structure and Qs½s obtained by multiple-ScS waveform inversion away from their true values. Compared to independent estimates, our results admit little bias. Monte Carlo tests are used to assess the sensitivity of this technique to CMB layering, which decreases with decreasing boundary layer thickness. Nonetheless, the results limit CMB transition zones in excess of 20 Ion to impedance contrasts less than 12% (8% for a 40-kin transition) beneath much of the western Pacific, Australia, Melanesia, and Indonesia.
bounces n, but rather the number of internal discontinuity reflections suffered by the wave. On an SH-polarized seismogram, ScS• and its depth-phase equivalent sScS• are the only zeroth-order reverberations. Together they dominate the portion of time series following the passage of the minor arc surface wave train and preceding the first major arc, body wave arrivals (the "reverberative interval"), an interval spanning 2 < n < 5 and roughly 45 min of record for epicentral distances of the order of a radian or less. The only other deterministic denizens of the reverberative interval are the first-and higherorder reverberations excited by crustal and mantle discontinuities. First-order reverberations have been identified as distinct, isolated arrivals on long-period digital seismograms [RJ87; Revenaugh and Jordan, 1989 ; hereafter referred to as RJ89], and used in previous installments of this series to map long-wavelength variations in the depth and strength of the transition zone discontinuities [Revenaugh and Jordan, 199 lb; hereafter referred to as ML2] and to decipher the complex assemblages of shear wave reflectors in the upper mantle [Revenaugh and Jordan, 1991c ; hereafter referred to as ML3].
First-order reverberations are an ideal tool for probing the lower mantle. Their near-vertical ray paths uniformly sample the lower mantle over a broad range of horizontal path lengths and renders them less sensitive to the deteriorative effects of lateral velocity heterogeneity. The accumulation of dynamic analogs (rays which arrive at the receiver by different paths but which have the same travel time, amplitude, and phase) with increasing n raises and maintains their amplitudes at useable levels, and because they reflect at subcritical angles, their amplitudes are sensitive to density and velocity contrasts alike, an invaluable asset in any description of mantle layering. Building upon the results of the previous papers in this series [Revenaugh and Jordan, 1991a ; hereafter referred to as ML1; ML2, ML3], we employ first-order reverberations to scan the lower mantle for reflectors of long-period shear energy. To delimit permissible levels of CMB structural complexity, we adapt our methods of modeling ScS, and sScS, waveforms to search for evidence of contamination by higherorder reverberations born at transitional layers near the CMB.
BOUNDARY INTERACTION MODELING
The method of first-order reverberation "migration" [RJ89; ML2] is capable of resolving discontinuities characterized by shear impedance. Unfortunately, migration breaks down near the free surface and CMB. Discontinuities in these regions (e.g., the Mohorovi•i6, or M, discontinuity) produce first-and higher-order reverberations arriving within the wave trains of the zeroth-order ScSn and sScS, phases. Complicated boundary interactions produce complex composite waveforms making good fits to theoretical calculations harder to achieve. This takes on added importance in migration; if zeroth-order reverberations are not completely removed from the reverberative interval prior to migration, their left-over energy maps into both shallow and very deep discontinuity structure. Given the vast disparity in amplitudes of ScS, and sScS, relative to first-and higher-order reverberations, their spurious contribution to the reflectivity estimates could be significant, prompting us not to seek estimates of reflectivity within 30 km of the upper and lower bounds of the mantle. However, it is still possible to use ScS reverberations to map structure within these depth ranges by extending the technique developed for crustal modeling in RJ89 to decompose the sources of higherorder contamination.
Motivation and Methods
Because the CMB resembles the free surface, both in terms of intrinsic density contrast and the variation of physical processes and characteristic time scales across the interface, there is every reason to believe that it too supports one or more Figure 2 . As can be seen in Figure 2 , the effect of the 10-km-thick CMB layer is difficult to detect by eye, whereas the 20-km-thick layer has an obvious effect on the composite waveforms of ScS, and sScS,.
Quantifying Resolution
Waveform inversion of data and synthetic seismogram suites was used to produce the four panels presented in Figure 3a and 3b-3d, respectively, depicting contours of percent data variance explained and Qscs as functions of zst and Ro(zst ). Figure 3b , corresponding to inversion of synthetic data with no CMB layering, clearly offers a n excellent match to data, whereas the two models incorporating CMB layering ( Figures  3c and 3d) In ML3 it is shown that discontinuity structure in the upper mantle is tectonically correlated; that is, corridors with similar tectonic sampling, as quantified by the Jordan [1981] regionalization, display essentially similar assemblages of upper mantle reflectors. The transition zone discontinuities do not appear to be tectonically correlated (ML2), and it seems logical to extend this observation to deeper discontinuities as well. Given these assumptions, it is possible to empirically resolve aspects of reflectivity profile ambiguity by appealing to tectonic correlations in assigning reflectors to either the upper or lowermost mantle. A second and more obvious avenue is comparison with previous seismic studies, which agree remarkably well with our upper mantle interpretations (ML3) and otherwise offer little a priori encouragement for the widespread occurrence of impedance decreases beneath a depth of 150 km in the upper mantle. On the other hand, impedance increases are widely spread throughout the upper mantle, giving us confidence in assigning a lower mantle depth to any feature that would otherwise require an impedance decrease in the upper mantle below a depth of 150 km. Conversely, any feature which would require an impedance decrease in the lower mantle is interpreted as the false image of an upper mantle reflector, a choice motivated not only by tectonic correlation and abundant a priori observations but also by the certain hydrodynamic instability of density decreases in the lower mantle (although we must be careful in associating impedance decreases with density decreases, viz avis the effect of Fe on mantle silicates). While the analysis is subjective, we believe the rewards of imaging lower mantle discontinuity structure easily outweigh the dangers.
REFLECTIVITY OF THE LOWER MANTLE

Data Processing and Synthetic Forward Modeling
To alleviate the deteriorative effects of reverberation splitting (destructive interference and dephasing due to velocity heterogeneity and discontinuity topography), the reflectivity profiles considered in this report are computed from data subjected to a more restrictive low-pass filter (comer at 20 mHz, tapering smoothly to zero admittance by 30 mHz) than the conventions detailed in ML1. Besides reducing the impact of reverberation splitting, filtering also improves the level of fit obtained between data and synthetic profiles, producing simpler waveforms and attenuating apparent structure in residual profiles arising from inevitable modeling and noiserelated mismatches of data and s,vnthetic profiles. Figure 6 compares data and parsimonious synthetic reflectivity profiles for C1, the heterogeneous corridor connecting shocks in the Sumba, Philippines, and New Britain seismic zones with $RO station CHTO in Thailand. A discussion of synthetic forward modeling is included in ML3, which carefully details the assumptions and criteria adopted during profile modeling, and we will not go into the procedure here other than to say that "parsimonious" refers to the simplest reflector array adequately recreating the statistically latter features, if we were to opt for the upper manfie alternative interpretation, would correspond to impedance decreases (presumably velocity decreases) in the range of 210-260 km depth, resulting in a picutre of the upper manfie that would be difficult to reconcile with the tectonic setting of these paths, especially C9 which shows clear evidence of a much shallower low-velocity zone. Either way, given the limits of resolution attainable with small numbers of events, none of these reflectivity loops is highly significant. Nonetheless, it is intriguing that similar peaks atop D" are noted beneath roughly one-third of the 18 seismic corridors and that the sightings display some, albeit tentative, geographical coherence, clustering in the lowermost mantle beneath western Australia and the Philippine Sea ( Figure 9 and Table 1 ). In fact, this feature is the only lower mantle R o(Z) loop to display any consistency across the data set, suggesting that the other peaks and troughs are largely the result of random noise processes. As discussed in ML3, our primary dictum at this level of forward modeling was to be as parsimonious as possible in explaining the data; that is, we have proposed additional discontinuities in the lower mantle only where clearly necessitated by data. If we have erred in this analysis, our errors should favor simpler lower mantle structures. In the future, the data volumes generated by a mature global network composed of Incorporated Research Institutions for Seismology (IRIS), National Net, Geoscope, Poseidon, and other instruments augmented by carefully designed passive source Program for Array Studies (PASSCAL) experiments, will quickly outstrip the modest data base now within our possession and provide a more definitive statement on lower mantle reflectivity.
A Discontinuity in D"
In the meantime, to improve the upon the resolution of the single-corridor estimates we have stacked the entire 18-corridor suite of data and parsimonious synthetic reflectivity profiles. Assuming uncorrelated, Gaussian noise, this operation ought to produce a factor 4 improvement over the SNR of a typical seismic corridor (Figure 10) . We find that apart from two small impedance increases at 710 km and 900 km discussed in ML2 (the false images of which appear near 1830 km and 1640 km, respectively), the only lower mantle J•0(z) peak exceeding the 5% false alarm level occurs 325 km above the CMB. Due to depth ambiguity, this crest can also be attributed to an impedance decrease 200 km beneath the Earth's surface. tAlthough a reflector is indicated in data, interference with upper man fie structure precludes accurate estimation of depth or R 0.
Although it is not possible to distinguish between these alternatives with the present data set, the agreement of the D" interpretation with the discontinuity proposed by Lay and Helmberger [1983] is compelling, whereas there is little prior evidence of an upper mantle impedance decrease near 200 km depth with the possible exception of the LVZ, which was included in individual synthetic profiles when necessitated by data (ML3) and needing to be uncharacteristically deep regardless of our modeling.
Though admittedly subjective, our preferred interpretation is an impedance increase atop D". Following the conventions established in ML3 for naming intermittent and heterogeneous mantle discontinuties, we refer to this feature as the B horizon in honor of Bullen's seminal contributions to study of deepEarth structure. It must be noted that even after stacking, horizon B is not strongly required by data, with R0(2560) = 0.85% only slightly besting the 5% false alarm level. We must be cautious in applying this significance estimate, however, as there are several questions needing to be addressed: (1) Lateral velocity heterogeneity and topographic relief on the reflecting horizon will lead to destructive interference ( Haddon, 1982] , this sort of structure is an unlikely explanation of our observations. As an alternative, Knittle and Jeanloz [1986] suggest that the lower 300 km of the mantle may be a residuum layer created by oxygen dissolution into the core, with an increase in lower mantle elastic wavespeeds owing to attendant increase in stishovite abundance [Knittle and Jeanloz, 1989] . A third possibility is accumulation of the crustal and/or lithospheric component of subducted slabs upon the CMB [e.g., Ringwood, 1975] , a model which also provides a longterm storage area for oceanic crust [Hofman and White, 1982] . Any sort of chemically denser material at the base of the mantle will be swept towards regions of upwelling, and thinned elsewhere [Davies and Gurnis, 1986; Hansen and Yuen, 1988] , which may account for the geographically intermittent nature of horizon B.
Fortunately, some constraints on the viability of these rather diverse mechanisms can be gleaned from the more detailed examination of our observations treated in the following sections. Because these analyses attempt to draw additional meaning from admittedly noisy observations and extrapolations (e.g., assuming a velocity contrast for B from the results of Lay and coworkers), they must be treated as speculation awaiting more and better data.
Depth Variation
The depth of B appears to vary by about 70 km for the five seismic corridors where it is most confidently observed; see Table 1 The amount of accumulation we might actually expect from viscous drag associated with convective flow over the dreg Strong mantle-side layering situated in close proximity to the CMB, as associated with the type of CBL structure put forth by Jordan [1979] and Jordan and Creager [1986] , does not appear to be required by the data, but could be present if it is a liquid (such as a core-side CBL), accompanied by small impedance contrasts, or of limited vertical extent (<10-15 km). Extension of the boundary interaction modeling technique used to reach this conclusion to higher frequencies has the potential to place more stringent bounds on CMB complexity and offers a useful compliment to traditional spectral ratio and diffraction decay rate studies of the CMB.
